Recombination rate is a complex trait, with genetic and environmental factors shaping observed patterns of variation. Although recent studies have begun to unravel the genetic basis of recombination rate differences between organisms, less attention has focused on the environmental determinants of crossover rates. Here, we test the effect of one ubiquitous environmental pressure-bacterial infection-on global recombination frequency in mammals. We applied MLH1 mapping to assay global crossover rates in male mice infected with the pathogenic bacterium Borrelia burgdorferi, the causative agent of Lyme Disease, and uninfected control animals. Despite ample statistical power to identify biologically relevant differences between infected and uninfected animals, we find no evidence for a global recombination rate response to bacterial infection. Moreover, broad-scale patterns of crossover distribution, including the number of achiasmate bivalents, are not affected by infection status. Although pathogen exposure can plastically increase recombination in some species, our findings suggest that recombination rates in house mice may be resilient to at least some forms of infection stress. This negative result motivates future experiments with alternative house mouse pathogens to evaluate the generality of this conclusion.
Introduction
The exchange of genetic material between homologous chromosomes via crossing over is a key and defining step of the meiotic cell cycle. Crossing over is essential for proper chromosome segregation, with too few or poorly positioned crossovers posing leading risk factors for aneuploidy and infertility [1] . At the same time, crossing over (and, more broadly, recombination) is an important mechanism generating DNA diversity. Recombination controls the rate at which new haplotypes are created and influences their frequencies within populations.
In spite of its significance for the maintenance of genome integrity and evolution, there is tremendous variation for recombination rate between species [2] [3] [4] [5] , among individuals [6] [7] [8] [9] [10] [11] [12] [13] [14] , and within single genomes [15] [16] [17] . Some of this variation is under genetic control. Classical genetic experiments have demonstrated a clear heritable component to population variation in crossover frequency [18] [19] [20] . More recently, quantitative genetic [13, 21, 22] , association analyses [11, [23] [24] [25] , and candidate gene-driven approaches [23, 26] have identified specific loci, including single genes, contributing to natural variation in recombination rates.
As our understanding of the genetic control of recombination rates continues to grow, it has become clear that genes do not account for all observable variation in this phenotype. In fact, narrow-sense heritability estimates indicate that most recombination rate variation cannot be explained by additive genetic factors alone [6, 7, 27] , suggesting an important contribution from the environment. Changes in diet [28, 29] , temperature [30] [31] [32] [33] [34] [35] [36] [37] [38] , age [39] [40] [41] [42] [43] , and social stress [44] have been previously shown to elicit plastic, within generation responses in recombination rate, consistent with the possibility of a general stress-induced recombination response [45] . Recent studies have demonstrated that exposure to xenobiotic estrogens can also trigger changes in global recombination frequency in house mice [46, 47] , including an increase in the fraction of aneuploid gametes [46] .
Despite these important contributions, there are many unanswered questions regarding the interplay of environment and recombination. For one, most studies have been restricted to Drosophila, plant, and house mouse model systems. Thus, the universality of these observations across the eukaryotic kingdom remains largely untested. Additionally, a limited number of environmental agents have been specifically tested for an effect on recombination. It is unclear how sensitive (or resilient) recombination rates are to the range of abiotic variables organisms encounter in their environment.
Pathogens, including infectious bacteria, are a ubiquitous feature of an organism's environment and present a persistent source of physiological stress. Theoretical models indicate that increased genetic mixing via recombination can allow organisms to more rapidly evolve to shifting parasitic pressures in their environment, a consideration that may pose a major evolutionary advantage to sex and recombination [48] [49] [50] . Indeed, sex and meiotic recombination have been shown to evolve [51] [52] [53] and plastically increase [54] [55] [56] in response to pathogen pressures in species with facultative sexual reproduction. However, evidence that pathogen pressures can trigger increases in meiotic recombination rates in host species with obligate sexual reproduction is currently limited to Drosophila [57] .
Here, we build on this theoretical foundation to test for an effect of bacterial infection on global meiotic crossover rates in house mice (Mus musculus), a species with multiple genetic modifiers [21, 22, 58] and established non-genetic determinants [40, 46, 47] of recombination rate variation. In contrast to theoretical predictions and the hypothesized link between stress and recombination [45, 59] , we find no evidence in support of a pathogen-associated recombination rate response in house mice. We discuss potential explanations for this negative result, as well as the biological implications of this finding.
weaned into same sex groups at approximately 3 weeks of age and subsequently isolated into individual cages at 8 weeks.
Bacterial Cultures and Experimental Design
An infectious clonal isolate of B. burgdorferi (B31-MI-16) was cultured at 34C in BarbourStoenner-Kelly II (BSKII) medium supplemented with 6% rabbit serum [60, 61] . After reaching mid-logarithmic phase (5x10 7 bacteria/mL) the culture was diluted to a concentration of 50,000 cells/50μL for intradermal injection. Eight-week-old adult male mice were treated with Nair™ hair removal product to expose a patch of bare skin and allowed to recover for 24 hours. Animals were then subjected to one of three alternative treatments. Mice in the first group were injected intradermally with 50,000 cells/50 μL of B. burgdorferi. The second treatment group was injected with sterile BSKII media (media control). The third group was not subjected to any further treatment (Nair-only). Animals were then aged 10-14 days under sterile conditions in a BSL-2 environment. During this time, one PWD male in the Nair-only treatment group was found dead of apparent natural causes.
Mice were sacrificed by over-exposure to isoflurane gas in a sealed container at approximately 10 weeks of age. The left testis was dissected and immediately disaggregated with a handheld blender. Testis cells were cultured in BSKII media supplemented with phosphomycin and rifampicin for 14 days, and then examined by dark field microscopy to confirm the presence of B. burgdorferi.
Spermatoctye Spreads and Immunostaining
Spermatocyte cell spreads were made from the right testis as previously described [62] and subjected to immunostaining according to published protocols [10, 22] . Slides were blocked and antibodies were diluted in 1x antibody dilution buffer [10x ADB: 2.5 mL normal donkey serum (Jackson ImmunoResearch), 22.5 mL 1x PBS, 0.75 g bovine serum albumin (Fraction V; Fisher Scientific), and 12.5 uL Triton X-100]. The following primary antibodies were used at 1:100 dilution: mouse anti-MLH1 (BD), goat anti-SCP3 (Santa Cruz Biotechnology), and human anti-centromere polyclonal (Antibodies, Inc). The following secondary antibodies were used at 1:200 dilution: donkey anti-mouse Alexa Fluor 488, donkey anti-goat Rhodamine Red-X, and donkey anti-human Coumarin AMCA (Jackson Immunoresearch). Slides were mounted in ProLongGold antifade (Promega) prior to microscopic analysis.
Microscopy and Image Analysis
Slides were analyzed with a Leica DM5500 B microscope equipped with a Photometrics Cool-SNAP HQ 2 CCD camera and a 63x oil-immersion objective lens. Images were captured as RGB stacks in Leica Application Suite (v. 2.3.5) software and stored as high-resolution tiff files. Images were subsequently cropped and the fluorescent intensity adjusted using ImageJ software. We aimed to capture approximately 25 well-stained late pachytene stage spermatocytes per animal. Cells in this meiotic sub-stage were defined by two key criteria: (1) the complete colocalization of SCP3 signals along the paired homologous chromosome axes and (2) a minimum of one MLH1 focus per autosome, excepting the possibility of one achiasmate bivalent per cell. Spermatocytes that appeared damaged during preparation, exhibited synaptic defects, or with bulbous chromosome termini (indicative of transition into diplotene) were not imaged. For each cell, the number of autosomal MLH1 foci was scored. Given that the dynamics of the X and Y chromosomes are temporally decoupled from those of the autosomes during early meiosis [63] , MLH1 foci on the heterogametic sex chromosomes were not included in this total.
Statistical Analyses
All statistical analyses were carried out in the R environment for statistical computing (v 2.14.1) using base packages [64] . Our MLH1 dataset consists of bounded, ordinal data that do not comply with the standard assumption of normality. Consequently, we used non-parametric Mann-Whitney U-tests to compare MLH foci counts between treatment groups.
Results and Discussion

B. burgdorferi invade testis tissue
We used Borrelia burgdorferi, the causative agent of Lyme disease, as a model bacterium to test for a plastic, within generation global recombination rate response to infection in male house mice. Rodents, including house mice, are important biological reservoirs for this bacterium and play an integral role in its lifecycle [65] . B. burgdorferi infected house mice show a wellcharacterized and stereotyped response to infection, with an antibody-mounted immune response initiated at approximately two weeks post-infection [66] . Prior to this time point, animals display no overt symptoms of infection, even as the bacteria multiply and infiltrate tissues distant from the site of initial infection [67] [68] [69] [70] .
One possible mechanism by which B. burgdorferi infection could induce a plastic recombination response is via direct interaction of the bacterium (or bacterial secretions) with meiotic cells. To confirm that our experimental design could detect such an effect, we first tested whether intradermal injection with B. burgdorferi resulted in bacterial invasion of the testis tissue in infected animals. Importantly, dark field microscopy indicated that all testis cell cultures initiated from uninfected control animals were sterile. In contrast, B. burgdorferi were identified in cultured testis cell extracts from all infected animals, indicating bacterial colonization of the testis. To the best of our knowledge, this is the first evidence that B. burgdorferi invade testis tissue in infected animals.
Bacterial infection elicits no change in global crossover rates
We used MLH1 mapping to estimate global crossover counts in 16 male house mice representing 2 genetically distinct inbred strains (Fig 1; Table 1 ). We analyzed a total of 450 spermatocytes, corresponding to an average of 28 cells per animal (range: 8-51 cells). Animals were reared under one of three experimental treatments: (1) intradermal injection with B. burgdorferi, (2) injection with sterile media, or (3) Nair-only control.
We observed a significant difference in mean MLH1 foci count between B6 and PWD mice irrespective of treatment, revealing a large difference in global crossover rate between these two genetically distinct strains (24.05 versus 29.75, respectively; Mann-Whitney U-Test P < 2.2x10 -16 ). The numbers reported here are consistent with prior measurements in these strains [10, 71] and confirm the robustness of MLH1 measurements from animals reared in distinct laboratories. In contrast to the significant recombination rate difference between strains, we found no difference in mean MLH1 counts between treatment groups within a strain (Table 2 ). This result is insensitive to the control group used for comparison. Although there are minor fluctuations in mean MLH1 counts between B6 individuals within a treatment group (Table 1) , these slight differences do not appear to mask an effect of infection status on global crossover frequency. One-way ANOVA tests performed on replicate animals within a treatment group, modeling animal replicate as a factor and the total autosomal MLH1 focus count of single spermatocytes as the response variable, are not significant (P > 0.05 for all tests). We conclude that B. burgdorferi infection does not alter global meiotic crossover rates in male house mice, at least at the dosage and for the exposure time considered in this experiment.
Determining power to find statistical differences in global crossover frequency
One interpretation for the absence of an effect of infection on global crossover frequency is a lack of statistical power to find differences between treatment groups. To calculate statistical power over a range of effect sizes, we simulated datasets that replicated the sample structure of our data, assuming that MLH1 counts follow a normal distribution with mean and standard deviation following the observed B6 and PWD values (Table 1 ). In reality, MLH1 count data are ordinal, but in practice, the use of random numbers sampled from a continuous distribution should have little effect on the qualitative conclusions of our simulation study. We further allowed for the possibility of inter-individual variation in average MLH1 focus counts by sampling individual values from a random normal distribution centered on the strain mean with a standard deviation of 0.5. The selection of this latter value was guided by observed differences in mean MLH1 counts between replicate animals ( Table 1) . With our B6 sample structure, there is excellent statistical power to detect a mean difference of !1 MLH1 focus (Power > 0.8 at α = 0.05 using a Mann-Whitney U-Test; Fig 2) . Our power to detect differences in mean MLH1 foci counts for PWD individuals is reduced owing to a single biological replicate per treatment. However, our analysis is still well powered to find differences !1.5 MLH1 foci for sample sizes mirroring the collected data (Power > 0.7 at α = 0.05; Fig 2) .
For both the B6 and PWD strains, approximately 20% of simulations uncover a significant difference between treatment groups in the absence of a simulated effect. These false positives are explained by chance differences between treatments that arise from random sampling of individual means.
Infection induces no changes in the distribution of meiotic crossovers
Although there is no detectable difference in global MLH1 frequency between infected and uninfected animals of either tested strain background, there may be shifts in the distribution of crossover events, including differences in the frequency of achiasmate chromosomes or chromosomes bearing multiple MLH1 foci, that are not captured by this overall measure. We tested for a significant infection-driven response in the number of achiasmate bivalents, the number of bivalents with a single MLH1 focus, and the number of bivalents with two MLH1 foci. None of these meiotic sub-phenotypes was plastically altered in infected animals (MannWhitney U-Test P > 0.15 in all comparisons; Table 3 ). Similarly, the cell-to-cell variance in mean MLH1 foci number is independent of infection status (Table 3 ; Fligner-Killeen Test P > 0.35 for both strains). Although these meiotic phenotypes differ between B6 and PWD, infection status has no discernable impact on any of these sub-phenotypes.
The heterogametic X and Y sex chromosomes pair and undergo recombination across a narrow region of homology on their telomere-proximal end. Although the dynamics of pairing and recombination in this pseudoautosomal region are de-coupled from the activities of the autosomes at meiosis [63] , the fraction of paired and recombining sex chromosomes at late-
Power to find differences in mean MLH1 focus count by the Mann-Whitney U-Test. Mock MLH1 datasets for infected and uninfected animals were simulated using parameter values derived from observed MLH1 data under the assumption that focus counts are normally distributed. Power was computed as the fraction of 1000 simulated datasets with a non-parametric Mann-Whitney U-test P-value <0.05. doi:10.1371/journal.pone.0142266.g002 pachytene provides a snapshot of the temporal progression of these processes. Recent studies have highlighted several unique aspects of sex chromosome behavior during meiosis [63, 72] , raising the distinct possibility that infection stress could impose unique pressures on the meiotic behavior of the X and Y, independent of the autosomes. However, as above, we find no difference in the frequency of paired XY chromosomes or XY chromosomes with an MLH1 focus in the paired pseudoautosomal region at late pachytene between infected and uninfected animals (Mann-Whitney U-Test P > 0.4 in all tests; Table 3 ).
Reconciling current observations with previous work
Despite considerable evidence for a plastic recombination rate response to diverse environmental stressors [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] 57] , here we have shown that exposure of adult male house mice to the pathogen B. burgdorferi does not alter global crossover rates or gross features of crossover distribution. Below, we summarize several distinguishing features of our study that could account for the apparent discrepancy between our findings and previous work. First, although certain environmental variables have direct effects on recombination frequency in house mice [44, 46, 47] , it is possible that other factors, including infection, could impact recombination rate by fundamentally distinct mechanisms. For example, D. melanogaster exhibit a strong pathogen-associated recombination response, but the observed plastic increase in recombination rates is driven, at least in part, by non-Mendelian transmission of recombinant chromatids [57] . Notably, our current study is not designed to detect differences in fertilization efficiency, differences in sperm viability, zygotic viability differences between recombinant and non-recombinant gametes, or asymmetries in meiosis that could distort transmission and lead to biological increases in recombination rate.
Second, our analysis tested the effect of exposure to one infectious pathogen, B. burgdorferi, on global crossover rates. A recombinational response to bacterial infection in house mice could be pathogen-specific, and potentially related to the nature of the mounted immune response. Although B. burgdorferi are present in the testis tissue of infected mice, the bacterium is only mildly morbific to most inbred mouse strains, producing no chronic, outward signs of disease [67] [68] [69] [70] . Thus, B. burgdorferi infection alone may not impose sufficient stress to elicit a change in the frequency of recombination. Consistent with this possibility, exposure to heatkilled bacteria does not induce a recombinational response in D. melanogaster, even though the immune system is activated [73] , whereas infection with live bacteria significantly increases recombination rates [57] . Future experiments that test for a recombination response to more virulent pathogens could yield results distinct from our findings.
Third, our study also lacks power to find small changes in global crossover rate that may arise as a result of infection (Fig 2) . However, documented changes in recombination frequency in response to pathogen infection in Drosophila are sizeable, corresponding to~3% change in the estimated recombination fraction, or a~15-20% relative increase in recombination rate [57] . Similarly, exposure to environmentally relevant doses of BPA induces differences of >1 MLH1 focus in mice [46, 47] . A plastic phenotypic response of these magnitudes could be reliably detected with our sample size (Fig 2) .
Finally, our analysis relies on the immunodetection of MLH1 foci in late pachytene spermatocytes to estimate global crossover rates in males. Previous studies have established the accuracy and power of this immunofluorescence approach for approximating global crossover rates in single animals [10, 22, 74] . However, a minor subset of crossovers (<10%) is resolved by an MLH1-independent pathway in house mice [75] ; any effect of infection limited to crossovers resolved via this alternative pathway would obviously go undetected by our study. In addition, the MLH1 immunofluorescence assay lacks the resolution to identify compensatory finer-scale changes in crossover rates. Finally, owing to the challenge of obtaining early meiotic cells in females [e.g., [76] ], we did not address the possibility of a female-specific response to B. burgdorferi infection in the current experiment. These limitations present clear opportunities for future investigations.
Evolutionary implications of the absence of a plastic recombination rate response
The Red Queen theory for the evolution and maintenance of sex posits that increased recombination may be selectively favored to allow species to rapidly adapt to changing parasitic pressures in their environment [77, 78] . Consistent with the predictions of this hypothesis, species with both sexual and asexual modes of reproduction can shift the relative population ratio of sexual versus asexual individuals to favor sex when confronted by pathogens [51, 53] . Similarly, recombination rates can plastically increase in response to infection in species with both obligate [57] and facultative sexual reproduction [59, 79] .
House mice are exposed to a barrage of pathogens in their wild habitats [80] [81] [82] , conditions that set the stage for potential host-pathogen arms races. Despite this clear ecological opportunity, our data do not suggest that house mice attempt to genetically outwit one common bacterium in their environment (B. burgdorferi) via an increased rate of global meiotic recombination. It is possible that a pathogen-driven plastic recombination response is a biological mechanism present in only some taxa. Indeed, mathematical models have demonstrated that the conditions under which plastic recombination can evolve in diploid organisms are quite restrictive [83] . Moreover, for mammalian species with small effective population sizes, the magnitude of the selective advantage associated with moderate plastic changes in recombination rates may not be sufficient to overwhelm the power of random genetic drift. However, as is the case in Drosophila [57] , an infection-driven recombination response in house mice could be mediated by transmission distortion rather than an overt increase in recombination rate. Future work will be aimed at specifically testing this hypothesis.
Increased recombination-whether via increased sexual reproduction, increased recombination rates, or biased transmission of recombinant gametes-is one effective strategy for evading parasites, but additional biological mechanisms are integral to host defense. In particular, mammals possess a sophisticated immune system with both innate and adaptive components. The mammalian adaptive immune system may provide an effective biological barrier to rapidly evolving biotic stressors, potentially mitigating the effect of a plastic recombination response. Indeed, plastic recombination responses have, to date, only been documented in invertebrates with comparatively simple innate immune systems. However, without first ruling out transmission distortion as a potential mechanism for pathogen-associated increased recombination in house mice and in the absence of data from other mammalian species, this possible explanation remains speculative. Vertebrates, including mammals, also have higher per base mutation rates than invertebrates [84] . The higher rate of input of new variants may effectively match the challenge of adapting to new parasitic pressures, independently of changes in recombination rate. Clearly, investigations that explicitly test predictions of the Red Queen hypothesis in diverse organisms, including other mammals, are needed.
Our findings prompt us to speculate that the relative contributions of genetic and nongenetic factors to recombination rate variation may differ between species. Although heritability estimates are not strictly comparable between studies, it is noteworthy that estimates from house mice [7, 22] are consistently higher than those reported in other species [19, 27, 42, 85] . Thus, relative to other taxa, recombination rate variation in house mice may be more strongly tied to the effects of segregating variation in recombination modifying genes and more weakly influenced by environment. If true, this possibility would add an additional layer of complexity to our nascent understanding of the mechanisms contributing to recombination rate variation.
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